Proc. Natl. Acad. Sci. USA
Vol. 96, pp. 6161-6165, May 1999
Biochemistry

Regulation of the OxyR transcription factor by hydrogen peroxide
and the cellular thiol—disulfide status

FREDRIK ASLUND*, MING ZHENGT, JON BECKWITH*, AND GISELA STORZT#

*Department of Microbiology and Molecular Genetics, Harvard Medical School, Boston, MA 02115; and TCell Biology and Metabolism Branch, National Institute
of Child Health and Human Development, National Institutes of Health, Bethesda, MD 20892

Contributed by Jon Beckwith, March 29, 1999

ABSTRACT The Escherichia coli transcription factor
OxyR is activated by the formation of an intramolecular
disulfide bond and subsequently is deactivated by enzymatic
reduction of the disulfide bond. Here we show that OxyR can
be activated by two possible pathways. In mutants defective in
the cellular disulfide-reducing systems, OxyR is constitutively
activated by a change in the thiol—disulfide redox status in
the absence of added oxidants. In wild-type cells, OxyR is
activated by hydrogen peroxide. By monitoring the presence of
the OxyR disulfide bond after exposure to hydrogen peroxide
in vivo and in vitro, we also show that the kinetics of OxyR
oxidation by low concentrations of hydrogen peroxide is
significantly faster than the kinetics of OxyR reduction,
allowing for transient activation in an overall reducing envi-
ronment. We propose that the activity of OxyR in vivo is
determined by the balance between hydrogen peroxide levels
and the cellular redox environment.

The Escherichia coli OxyR transcription factor activates the
expression of antioxidant defensive activities such as hydroper-
oxidase I (katG), an alkylhydroperoxide reductase (ahpCF), a
regulatory RNA (oxyS), glutathione reductase (gorA), and
glutaredoxin 1 (grxA) in response to elevated levels of hydro-
gen peroxide. The OxyR protein is directly sensitive to oxida-
tion, and only oxidized OxyR is capable of activating tran-
scription. We have shown recently that oxidation of OxyR
leads to the formation of an intramolecular disulfide bond
between cysteine residues 199 and 208 and that OxyR is
reduced (deactivated) by enzymatic reduction of this disulfide
bond (1). Both glutaredoxin 1 and thioredoxin are able to
reduce OxyR in vitro. However, glutaredoxin 1 seems to be the
preferred reductant of OxyR in vivo because gred—, gorA~, and
gshA~ (glutathione synthetase) mutants, but not fzxA~ (thi-
oredoxin) and #xB~ (thioredoxin reductase) mutants, show a
prolonged OxyR response after hydrogen peroxide treatment.
Because gorA and grxA are transcriptionally regulated by
OxyR, the whole response is autoregulated.

Based on an in vitro titration assay, we determined the redox
potential of OxyR to be —185 mV (1). Measurements of the
in vivo ratios of reduced and oxidized glutathione and thiore-
doxin indicate that the thiol-disulfide redox potential of the
cytoplasm is between —260 and —280 mV (2-4). This low
redox potential suggests that OxyR should be reduced (deac-
tivated) during normal growth, consistent with previous ob-
servations. However, the 100-mV difference in redox potential
raises the question of how OxyR is activated by low concen-
trations of hydrogen peroxide (1). Here we address this
question by examining the thermodynamics and kinetics of
OxyR oxidation and reduction in vivo and in vitro.
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MATERIALS AND METHODS

Strains and Plasmids. The strains used in the study are listed
in Table 1. Mutant alleles were moved into DHB4 by P1
transduction. The plasmid pGSO77 carries oxyR with cysteine
residues C25, C143, C180, and C259 mutated to alanine cloned
into pUCI13 under its own promoter. The cells were grown in
Luria broth (LB) with the appropriate antibiotics.

RNA Isolation and Primer Extension Analysis. The cell
pellet from 10 ml of a cell culture at ODgop = 0.4 or higher was
resuspended in 1 ml of Trizol (GIBCO/BRL), and the RNA
was purified according to the instructions (based on ref. 5).
The RNA yield was typically 100-200 ng. The primer exten-
sion analysis to determine OxyS RNA levels was carried out as
described (6).

Alkaline Phosphatase Assays. Overnight cultures of strains
carrying pAID135 (7) were subcultured in LB supplemented
with 1 mM isopropyl B-D-thiogalactoside and grown to ODggp
= 0.4-0.6. An aliquot (1 ml) of cells was added to 0.1 ml of 1
M iodoacetamide and incubated on ice for 20 min. Alkaline
phosphatase activity subsequently was determined as de-
scribed (7).

Glutathione (GSH) and Glutathione Disulfide (GSSG)
Measurements. The 5,5'-dithiobis(2-nitrobenzoic acid)
(DTNB)-glutathione reductase recycling method (8) was used
to measure GSH and GSSG levels. The pellet from 25 ml of
a cell culture at ODggo = 0.4 was resuspended in 0.2 ml of stock
buffer (143 mM sodium phosphate/6.3 mM Na,EDTA, pH
7.4) and 0.1 ml of 10% 5-sulfosalicylic acid. The precipitated
proteins were removed by centrifugation. Total GSH levels
then were measured directly in 10 ul of supernatant. To
measure GSSG levels, 200 ul of supernatant was treated with
4 pl of 2-vinylpyridine (Aldrich). The pH of the solution was
adjusted to 67 by adding ~6 ul of triethanolamine, and 100
wul was used for the GSSG measurement.

Hydrogen Peroxide Measurements. The cells in 1 ml of a
culture at ODgpp = 0.4-0.6 were collected by centrifugation
(30 sec, 10,000 rpm in an Eppendorf centrifuge, room tem-
perature) and resuspended in freshly autoclaved PBS to an
OD¢oo = 1.0. The cells then were diluted further 100-fold into
PBS incubated at 37°C. At 3, 6, 9, and 12 min, 1-ml aliquots
were added to 1 ml of assay mix (80 uM p-hydroxyphenylacetic
acid/5 units/ml horseradish peroxidase in PBS) or to 5 ul of
100 uM catalase. After 30 min of incubation at room temper-
ature, 1 ml of the assay mix was added to the latter samples.
The samples without and with catalase were centrifuged (10
min, 10,000 rpm), and then the fluorescence at 415 nm
(excitation at 310 nm) was recorded. The hydrogen peroxide
concentration was estimated by relating the peak fluorescence
value of the sample (after subtracting the fluorescence of the

Abbreviations: TCA, trichloroacetic acid; AMS, 4-acetamido-4’-
maleimidylstilbene-2,2'-disulfonic acid; GSH, glutathione; GSSG, glu-
tathione disulfide.

#To whom reprint requests should be addressed. e-mail: storz@
helix.nih.gov.
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Table 1. Bacterial strains

Strain Relevant genotype Source or ref.
DHB4 Lab collection
WP570 DHB4 AtrxA W. Prinz*
WP840 DHB4 gor522 miniTn/0tet 10

FA378 DHB4 AtrxA gor522miniTnl0tet This study
WP612 DHB4 AtrxA gshA20::Tnl0kan 10

WP813 DHB4 AtrxA grxA::kan W. Prinz
FA400 DHB4 f7xB::kan This study
FA369  DHB4 katG::Tnl0tet AahpCF::kan This study
FA250 DHB4 AoxyR::kan This study
WP812  DHB4 grxA::kan W. Prinz
FA280 DHB4 grxA::kan gor522miniTnI0tet This study
FA371  DHB4 + pGSO77 This study

*Harvard Medical School.

catalase-treated controls) to fluorescence values obtained for
defined hydrogen peroxide concentrations.

Determination of OxyR4c—.4 Redox Status. Aliquots of the
cell cultures at ODgy = 0.4 were taken with prewarmed
pipettes and mixed with 1/10 vol of 100% trichloroacetic acid
(TCA). Precipitated proteins were collected by centrifugation
(10 min, 10,000 rpm). After complete removal of the super-
natant, the pellet was dissolved in 0.1% SDS/0.67 M Tris-Cl,
pH 8/15 mM 4-acetamido-4'-maleimidylstilbene-2,2’-
disulfonic acid (AMS; Molecular Probes) to an ODgg = 10.
Alkylations were performed at 37°C for a minimum of 2 hr.
Subsequently, aliquots (10 ul) of the alkylated samples were
loaded on SDS/15% PAGE minigels (Bio-Rad). After elec-
trophoresis, the separated proteins were blotted to nitrocel-
lulose filters and probed with polyclonal antibodies to an
OxyR-B-galactosidase fusion protein (9). The bound antibod-
ies were detected by using the enhanced chemiluminescence
Western blotting reagent kit (Amersham Pharmacia).

For the in vitro assays, OxyRsc—.a was resolubilized from
inclusion bodies by resuspending the insoluble pellet of
OxyRu4c—.a-overproducing cells in 6 M guanidine hydrochlo-
ride. Subsequently, the protein was dialyzed against transcrip-
tion buffer (40 mM TrisCl, pH 7.9/0.1 M KCI/10 mM
MgCl,/5% glycerol/0.1% NP-40). The procedure was re-
peated for OxyR4c—.a that went out of solution after dialysis.
Samples of OxyR4c—.a were incubated in transcription buffer
(pH 7) containing glutaredoxin 1, GSH, and GSSG at room
temperature for a minimum of 24 hr in an anaerobic chamber
(Coy Laboratory Products, Ann Arbor, MI). One aliquot (100
wl) was removed and acidified with 1/10 vol of 100% TCA.
The remainder of the sample was treated with hydrogen
peroxide, and then aliquots were precipitated with TCA at the
indicated time points. The TCA-precipitated samples were
removed from the anaerobic chamber and collected by cen-
trifugation. The precipitated proteins were washed once with
cold 10% TCA and collected by centrifugation. The pellet was
redissolved in 20 pl of 45 mM 0.1% SDS/0.67 M Tris, pH 8/45
mM AMS and treated as described above. For samples con-
taining low concentrations of OxyRac—a (<0.1 uM), 100 ul of
a TCA precipitate of FA250 (collected at ODgg9 = 1.0) was
added as a protein carrier.

RESULTS

Constitutive OxyR Activation by a Change in the Cellular
Redox Status. The thioredoxin and glutaredoxin systems show
overlapping functions in preventing disulfide bond formation
in the E. coli cytoplasm. Strains carrying mutations that affect
both reducing systems, such as trxA~ gorA~ and trxA~ gshA~
double mutants, allow cytoplasmic disulfide bond formation as
monitored by the activity of alkaline phosphatase devoid of its
signal sequence (10). Because OxyR is activated by disulfide
bond formation, we examined the expression of the OxyR-
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regulated oxyS gene in these mutants. Whereas we detected
only low levels of OxyR activity in wild-type and f7xA~ and
gorA~ single mutant strains that were not treated with hydro-
gen peroxide, we found that the untreated trx4A~ gorA~ and
trxA~ gshA~ strains showed partial OxyS induction (Fig. 1). In
general, the level of OxyS expression in the strains with
mutations in the thioredoxin and glutaredoxin systems corre-
lated with the level of cytoplasmic disulfide bond formation as
measured by alkaline phosphatase activity (Fig. 1).

These findings suggested that OxyR might be activated by a
change in the cellular redox status in the x4~ gorA~ and trxA ~
gshA~ mutants. To determine whether the thiol—disulfide
status was altered, we measured the levels of reduced (GSH)
and oxidized (GSSG) glutathione in the wild-type and frxA ™~
gorA~ strains. We also measured the GSH and GSSG levels in
akatG~ ahpCF~ mutant. This strain has increased intracellular
levels of peroxides because of the lack of the hydroperoxidase
I and alkyl hydroperoxide reductase activities and was shown
previously to have constitutive OxyR activation (ref. 11; see
also Fig. 1). Although GSH/GSSG ratios for the wild-type
strain (223 = 35) and the katG~ ahpCF~ mutant (291 = 30)
were similar, the ratio was decreased substantially in the x4~
gorA~ mutant (18 = 7). Thus, the constitutive activation of
OxyR in the trxA~ gorA~ strain could be due directly to the
altered redox state of the cell.¥ Alternatively, the activation
might be the result of increased levels of hydrogen peroxide.
Therefore, we measured the levels of hydrogen peroxide in the
wild-type, trxA~ gorA~, and katG~ ahpCF~ strains. Whereas
the wild-type and frxA~ gorA™~ strains had equally low levels of
hydrogen peroxide, the levels were increased at least 2-fold in
the katG~ ahpCF~ strain. Together, the measurements of the
OxyS RNA, alkaline phosphatase, GSH, GSSG, and hydrogen
peroxide levels are consistent with two different mechanisms
of OxyR activation within the cell: by decreases in the thiol-
disulfide ratio or by increases in the levels of hydrogen
peroxide.

Transient Activation of OxyR by Hydrogen Peroxide ir Vivo.
We showed previously that the OxyR-regulated oxyS gene is
induced within 1 min after cells are treated with 200 uM
hydrogen peroxide (ref. 14; see also Fig. 24). OxyS RNA levels
are elevated for approximately 20 min in wild-type cells (ref.
1, see also Fig. 24). Because oxyS transcription is a down-
stream event of OxyR activation, we sought to establish a direct
method of monitoring the kinetics of OxyR oxidation. This was
achieved by alkylating the C199 and C208 thiol groups, present
in reduced but not oxidized OxyR, with AMS. The addition of
the high-molecular-mass (2 X 500 Da) AMS moiety to the

8The amount of oxidized OxyR in a given redox buffer can be
calculated according to the following equation (1): % OxyRoxidizea =
Keq/{Keq + [GSH]?/[GSSG]*}, where Keq = 107733 M* for Eowr =
—185 mV.

If [GSH] = 1 mM and [GSH]:[GSSG]= 223,

then % OXyRoxidized = 0.002%.

If [GSH] = 1 mM and [GSH]:[GSSG] = 18,

then % OXyROXidized = 31%.

If [GSH] = 5 mM and [GSH]:[GSSG] = 223,

then % OxyRxidizea = 0.000003%.

If [GSH] = 5 mM and [GSH]:[GSSG] = 18,

then % OxyRidizea = 0.07%.
Because the GSH concentration of E. coli is estimated to be between
1and 5 mM (12, 13), the measured GSH/GSSG ratios can account for

our observations that OxyR is completely inactive in the wild-type
strain and partially active in the #rx4~ gorA~ strain.
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Fi6.1. OxyR activity in thioredoxin and glutaredoxin mutants. (A4)
Total RNA was isolated from untreated and hydrogen peroxide (200
pM)-treated wild-type (DHB4), trxA~ (WP570), trxA~ gorA~
(FA378), trxA~ gshA~ (WP612), trxA~ grxA~ (WP813), and katG~
ahpCF~ (FA369) cells, and the levels of the OxyS RNA were assayed
by primer extension. (B) The levels of alkaline phosphatase activity in
midlogarithmically growing cells were determined as described (7).

reduced but not the oxidized protein allowed separation of the
two forms by gel electrophoresis. To simplify our analysis we
studied the OxyR4c—.4 derivative, in which all cysteine residues
except C199 and C208 are substituted with alanine. Previous
studies have shown that the activity of the OxyR4c—a protein
is identical to wild type in vivo and in vitro (1). Cells expressing
OxyRuc—a first were treated with 10% TCA to protonate all
thiols and to precipitate the cellular proteins. The thiols
subsequently were alkylated by AMS. The proteins then were
separated by gel electrophoresis, and OxyR4c—.4 was detected
by immunoblot analysis. As expected, we observed differently
migrating forms of OxyR4c_. before and after treatment with
hydrogen peroxide (Fig. 2B). Because purified reduced and
oxidized OxyR4c—a treated with AMS comigrated with the
top and bottom bands, respectively (data not shown), the top
band corresponds to OxyRsc—a with C199 and C208 as
AMS-alkylated thiols and the bottom band corresponds to the
C199-C208 disulfide form of OxyR4c—a. To verify that the
TCA precipitation and AMS alkylation did not alter the
oxidation state of OxyR4c—a, we mixed purified oxidized and
reduced OxyRyc—a with cells from an oxyR™ strain before
treatment. We did not observe any change in the oxidized and
reduced proteins (data not shown), confirming that the TCA
and AMS treatments do not perturb the redox status of
OXyR4C*>A.

Using the AMS alkylation method, we examined the in vivo
kinetics of OxyR4c—.a oxidation and reduction after treatment
with 200 uM hydrogen peroxide. For wild-type cells in mid-
logarithmic growth (ODgy = 0.4), OxyR4c—a Was reduced
completely in the absence of hydrogen peroxide and was
oxidized fully within 30 sec after hydrogen peroxide was added
(Fig. 2B). Five minutes after the treatment, half of the
OxyRyc—a protein was reduced. The thioredoxin protein was
oxidized and reduced with nearly the same kinetics as OxyR
(data not shown). In contrast, we did not observed a significant
change in the GSH/GSSG ratio or the levels of either com-
pound (Fig. 2C). Interestingly, the deactivation profiles varied
depending on the density of the cultures. The half-time of
OxyR deactivation in cells at ODgop = 0.1 was 17 min, whereas
the half-time of deactivation in cells at ODgg9 = 1.6 was 2 min
(datanot shown). This result likely reflects the greater capacity
of a dense culture to metabolize hydrogen peroxide.

Transient Activation of OxyR by Hydrogen Peroxide in
Vitro. Because we did not observe a drop in the GSH/GSSG
ratio after wild-type cells were treated with hydrogen peroxide,
we propose that OxyR reacts directly with hydrogen peroxide
and that oxidized OxyR is metastable with respect to the
glutathione buffer of the cytosol. To test this hypothesis in
vitro, we incubated 1 uM purified OxyRsc—a with 10 uM
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F1G. 2. OxyS RNA expression, redox status of OxyR, and GSH/
GSSG ratio after treatment with hydrogen peroxide. (4) Mid-
logarithmically growing wild-type cells (FA371) were treated with 200
uM hydrogen peroxide, and then aliquots were taken at 0.5, 2, 4, 6, 10,
20, and 30 min. Total RNA was isolated and the levels of OxyS
expression were analyzed by primer extension. (B) Aliquots of the
above cells also were precipitated with TCA, treated with AMS, and
subjected to SDS/PAGE and immunoblot analysis. (C) The GSH and
GSSG levels in aliquots of the indicated cultures were determined by
the DTNB-glutathione reductase recycling assay (8).

purified glutaredoxin 1, 25 mM GSH, and 0.1 mM GSSG
(equivalent to a thiol-disulfide redox potential of —263 mV)
under anaerobic conditions for a minimum of 24 hr. OxyRyc—.a
was reduced completely under these conditions. After the
addition of 2 uM hydrogen peroxide, we were able to achieve
complete oxidation of OxyRuc—.a within 30 sec (Fig. 3). This
demonstrates that in an environment containing 25 mM GSH,
the C199 and C208 thiols of OxyR4c—.a, which are present at
micromolar concentrations, are still preferentially oxidized by
hydrogen peroxide. To approximate the rate of the reaction
between hydrogen peroxide and reduced OxyR, we performed
a titration experiment in which 0.01 uM reduced OxyRuc—.a
was incubated with various concentrations of hydrogen per-
oxide (see below). In these experiments, 0.1 uM hydrogen
peroxide led to 50% OxyRsc_a oxidation within 30 sec,
allowing us to calculate an apparent second-order rate con-
stant of ~107 M~ -min~"'. This reaction rate is approaching the
rate of ~108 M~ bmin~! that was determined for the reaction
of hydrogen peroxide with Enterococcus faecalis NADH per-
oxidase (15, 16). We also followed OxyR4c—.a reduction over

HO,
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F1G. 3. Transient OxyR oxidation by hydrogen peroxide in vitro.
OxyR4c—a (1 uM final concentration) was reduced fully by incubation
with a buffer containing 25 mM GSH, 0.1 mM GSSG, and 10 uM Grx1.
Hydrogen peroxide (2 uM) was added, and the redox status of OxyR
was assayed at 0.5, 10, 30, 60, 120, 180, and 240 min. Samples were
mixed with a 1/10 vol of 100% TCA and then treated with AMS.
Separation and detection of OxyR were achieved by SDS/PAGE and
immunoblot analysis.
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time and found that 50% of the protein was reduced between
10 and 30 min (Fig. 3). Although the kinetics were slower than
observed in vivo, that OxyRuc_.a is ultimately fully reduced
demonstrates that the C199-C208 disulfide bond in OxyRc—a
is metastable relative to the surrounding GSH/GSSG buffer.

The hydrogen peroxide added to the reaction in Fig. 3
appears to be consumed because OxyR returns to its reduced
form in the course of the experiment. Thus, we propose that
OxyR is acting as a peroxidase in our in vitro reactions. This
proposition is supported by the finding that significant
NADPH consumption, in samples containing hydrogen per-
oxide, glutathione, glutaredoxin 1, and glutathione reductase
under anaerobic conditions, is observed only upon the addition
of OxyR (data not shown). Although the rate of the reaction
of hydrogen peroxide with OxyR approaches that of the
NADH peroxidase, the overall rate of peroxidase activity is
slow, which is likely to be caused by the slow rate of OxyR
reduction.

Exquisite Hydrogen Peroxide Sensitivity of OxyR. To de-
termine the minimum concentrations of hydrogen peroxide
required to rapidly oxidize OxyR in vivo and in vitro, we again
monitored the redox status of OxyRsc—.a. For aerobically
growing wild-type cells in exponential phase, the lowest con-
centration of exogenously added hydrogen peroxide able to
oxidize 50% of OxyRu4c—.a within 30 sec was 5 uM (Fig. 44).
We also carried out several hydrogen peroxide titration ex-
periments in vitro. Submicromolar concentrations of
OxyRuc—a (0.001, 0.01, and 0.1 uM) were incubated with
different concentrations of hydrogen peroxide in the presence
of 10 uM glutaredoxin 1, 5 and 25 mM GSH, and 0.1 mM
GSSG. Under all of these conditions, between 0.05 and 0.2 uM
hydrogen peroxide was required to oxidize 50% of the OxyR
protein within 30 sec (Fig. 4B), illustrating the exquisite
hydrogen peroxide sensitivity of OxyR. The difference in the
minimum hydrogen peroxide concentration required to rap-
idly oxidize OxyR in vivo and in vitro is probably caused by the
fact that much of the exogenously added hydrogen peroxide is
degraded by bacterial enzymes.

DISCUSSION

Here we show that OxyR oxidation and activation can be
achieved in two possible ways: by a shift of the redox status of

A
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P o g®
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F1G.4. Minimum concentrations of hydrogen peroxide required to
oxidized OxyR. (4) Midlogarithmically growing wild-type cells
(FA371) were treated with 0,0.5, 1, 2, 5, and 10 uM hydrogen peroxide.
(B) OxyR4c—a (0.01 puM final concentration) was reduced fully by
incubation with a buffer containing 10 uM glutaredoxin 1, 25 mM
GSH, and 0.1 mM GSSG. Aliquots were removed and treated with
hydrogen peroxide to achieve 0, 0.025, 0.05, 0.075, 0.1,0.2,0.5, 1, 2, and
5 uM final concentrations. After 30 sec, the samples in both 4 and B
were acidified with TCA and then treated with AMS. Again, separa-
tion and detection of OxyR was achieved by SDS/PAGE and immu-
noblot analysis.
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the cell or through the high reactivity of OxyR with hydrogen
peroxide (Fig. 5). In wild-type cells, the thiol-disulfide redox
potential of the E. coli cytosol (—280 mV) is —100 mV lower
than the redox potential of OxyR (—185 mV). We propose that
OxyR is constitutively activated in the x4~ gorA~ mutant
strain because the thermodynamic barrier of 100 mV is
lowered. In contrast, in wild-type cells, the high thermody-
namic barrier is overcome by the high reactivity of OxyR with
hydrogen peroxide; however, the oxidized protein is in a
metastable state.

The finding that OxyR can be activated by a change in the
thiol-disulfide redox status in the absence of hydrogen per-
oxide has two important implications. First, mutants compro-
mised in the thiol-disulfide reducing systems actually may be
more resistant to peroxide stress. The observation that OxyR
is constitutively active in the mutants defective in the disulfide
bond reducing systems might help explain the result that trxB~
strains are less susceptible to the lethal effects of hydrogen
peroxide than wild-type cells (17) and is consistent with the
observation that #rx4~ gshA~ mutants have 36-fold-higher
levels of grx4 expression (18). Further studies on the roles of
thioredoxin and glutathione/glutaredoxin in other organisms
should take into account the possibility that cells compromised
in these reducing systems actually may have increased resis-
tance to oxidative stress because of the activation of antioxi-
dant pathways.

Second, the constitutive OxyR activity seen in mutants
allowing disulfide bond formation in the cytoplasm suggests
that OxyR could be activated by “disulfide stress” as a result
of a drop in the cellular thiol-disulfide ratio. This might occur
under certain growth conditions and on exposure to certain
oxidants. Diamide, which shows high reactivity with glutathi-
one, activates OxyR (1). However, because relatively high
concentrations of diamide are required to activate OxyR,
diamide oxidation of OxyR may not be direct but rather be a
consequence of the lower GSH/GSSG ratio observed after
diamide treatment (data not shown). OxyR has been reported
to be required for the expression of grx4 and gorA after several
days in stationary phase (19), and we found OxyR to accu-
mulate progressively in the oxidized form after 2 days in
stationary phase (data not shown). Possibly, changes in the
thiol-disulfide status in stationary-phase cells could lead to
some OxyR activation. Interestingly, the activities of two other
proteins have been proposed recently to be modulated by
disulfide bond formation in the cell. The oR sigma factor of
Streptomyces coelicolor induces the expression of the thiore-
doxin operon in response to diamide treatment (20), and the
activity of the E. coli Hsp33 chaperone is activated by hydrogen
peroxide (21). As additional redox-active proteins are charac-
terized, it will be interesting to see whether some proteins
predominantly respond to “peroxide stress” whereas others
sense “disulfide stress.”

The AMS alkylation method we developed for OxyR al-
lowed us to monitor directly the oxidation state of the tran-
scription factor. We thus were able to examine the kinetics of

(1 OXYR reducea + GSSG 2 OxYR oxidizea + 2 GSH

()  OxyR equced + H202 —>  OxYR oxidized + 2 H20

Fic. 5. Pathways of OxyR oxidation and reduction. Two different
reactions can determine the redox status of OxyR. During normal
growth, when hydrogen peroxide concentrations are low, the reaction
rate for the second pathway is low, so the first pathway dominates.
Under these conditions in wild-type strains, the cellular GSH/GSSG
ratio favors reduced OxyR. However, in mutant strains with a low
GSH/GSSG ratio, oxidized OxyR is formed. After exposure to =5 uM
external hydrogen peroxide, the second pathway dominates and
oxidized OxyR becomes the major species.
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OxyR oxidation and reduction in vivo and in vitro. Whereas
OxyR oxidation by hydrogen peroxide was complete within 30
sec in logarithmically growing wild-type cells, the half-time of
the deactivation process was 5 min. The in vitro kinetics were
similar to the in vivo kinetics, with complete oxidation ob-
served in 30 sec and a half-time of deactivation of 10-30 min.
Given the faster kinetics of OxyR oxidation by hydrogen
peroxide compared with the kinetics of rereduction by the
glutaredoxin and thioredoxin systems, OxyR remains oxidized
and activated for a defined period of time. We showed
previously that OxyR is preferentially reduced by glutaredoxin
1in vivo and that the expression of both glutaredoxin 1 (grxA)
and glutathione reductase (gorA4) is induced by OxyR. In this
regard, it is interesting that we did not detect a change in the
GSH/GSSG ratio after cells were treated with hydrogen
peroxide, whereas thioredoxin was oxidized with nearly the
same kinetics as OxyR. The difference in the glutathione and
thioredoxin reactivities with hydrogen peroxide may be one
reason why the glutaredoxin system predominates over the
thioredoxin system in reducing OxyR in vivo.

We also were able to show that the minimum hydrogen
peroxide concentrations required to completely oxidize OxyR
within 30 sec are 5 uM in vivo and between 0.05 and 0.2 uM
in vitro. These concentrations agree with the submicromolar
concentrations required for the in vivo activation of an OxyR-
regulated katG-lacZ fusion (22). The findings suggest that
OxyR protein has evolved to sense levels of hydrogen peroxide
that just exceed the tolerable, normal intracellular concentra-
tions.

In summary, we propose that the level of OxyR activation is
determined by the balance between multiple processes: the
generation and degradation of hydrogen peroxide, both inter-
nal and external to the cell, and OxyR reduction by glutare-
doxin 1 and, possibly, other reductases and other, as yet
unidentified, factors in the cell. Whether OxyR is activated
under specific hydrogen peroxide concentrations and specific
redox conditions is influenced by several important parame-
ters of OxyR. These include the redox potential and the rates
of OxyR reaction with hydrogen peroxide and glutaredoxin 1,
which reflect the thermodynamic and kinetic limitations on
OxyR oxidation, respectively. Measurements of these param-
eters should provide a better understanding of the nature of
constitutive OxyR mutants. A mutant may be constitutively
active because of a lower redox potential or because of altered
reactivity toward hydrogen peroxide or glutaredoxin 1. The
methods that we have developed will allow us to compare
OxyR sensitivity with other oxidizing compounds and to
understand the chemical basis for the exquisite OxyR sensi-
tivity to hydrogen peroxide.
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